The structure of assembled histone H4 fibers has been studied by analysis of electron micrographs, including optical diffraction. An individual fiber has the appearance of an 80WA wide ribbon, twisted at intervals of about 330 A. Thicker fibers which have been observed seem to be bundles of ribbons. In diffraction patterns from both kinds of fiber, layer lines at axial spacings of about 1/55 A-1, 1/37 A-1, and 1/27 A-' were most consistently observed. The 
The assembly of histone H4 into 40-to 80-A diameter fibers under suitable in vitro conditions has already been described (1) . Histones H2A, H2B, H3, and H4 all form similar fibers, either individually or in mixtures (2, 3) , but H3 or H4, the arginine-rich histones, or mixtures of these two, do so most readily, at ionic strengths between 0.02 and 0.15. The lysine-rich histones H2A and H2B polymerize only at higher ionic strengths (I > 0.5). In solutions of pairs of histones or of all four histones, there is an equilibrium between low molecular weight complexes and fibers (1) (2) (3) , the dimer being the basic unit in the assembly. The assembly pathway of pairs of histones from dimers to fibers is via tetramers, hexamers, and octomers (R. Sperling and M. Bustin, 
unpublished data).
This paper presents a detailed study, using the technique of optical diffraction from electron micrographs (4), of fibers of homogeneous H4, which has so far provided the best electron microscope images. On the basis of the results obtained, we discuss the possible relationship between the structure of the fibers and that of chromatin. present. However, the data are sufficient to define the most probable arrangements of subunits.
MATERIALS AND METHODS
The repeat distance observed in electron micrographs of the double-stranded cables averages about 330 A (see Fig. ic ), which is much longer than the 110-A repeat that would give rise to the system of main layer lines described above. The most reasonable explanation is that 110 A is itself a subrepeat of 330 A and that each interval between the 1IO-A series of layer lines should be divided into three. This would account for many of the optical diffraction peaks that are found between the main layer lines (such as those which lie on lines at 41 and 82 A in Fig.   1 , for example). Fig. 5 shows how the diffraction patterns can be tentatively indexed; a point (n = 2) on the first (330-A) layer line is defined by the family of two helices that follow the two strands of the cable. (This reflection has not actually been observed in any pattern, since rather long straight lengths of fiber would be needed to provide enough 330-A repeats to produce a peak here.) Another point in the reciprocal lattice is fixed by the fact that, wherever the 27-A layer line is observed, the diffracted intensity appears to be meridional (i.e., n = 0). The positions of peaks on other layer lines, such as the 55 and 37 A, are rather variable, which leaves the final choice of lattice undetermined, as discussed below. In spite of this, the possibilities are strictly limited. The two most likely solutions of the diffraction patterns are illustrated in Fig. 5 and the corresponding helical surface lattices in Fig. 6 . The first lattice has six repeating units per 330-A axial repeat along each of the two strands, the second lattice has only four.
Careful inspection of the images of the fibers (Figs. 1 and 7) shows that the apparent number of subunits between crossover points is about ten. This would be consistent with either 12 or 8 subunits per strand (Fig. 6 a and b or c and d) , that is, twice as many "subunits" as "repeating units." Thus, in either case, it seems to be necessary to postulate some difference in alternate subunits along each strand. In the first case (Fig. 6 a and b) , the first contribution to the 55-A layer line would otherwise lie too far (n = 12) from the meridian to explain the observed intensity distribution. In the second case (Fig. 6 c and d have to be explained in terms of some feature of the internal structure of the 82-A double unit.
Both of these two possibilities require that subunits in the two geometrical strands of the twisted ribbons be in phase, rather than staggered as for F-actin (7) . In other words, only even orders of n should contribute to the diffraction patterns. This has been checked by digitizing a number of images, both of individual fibers and the bundle in Fig. 3 , and computing their Fourier transforms (6) . Phases of the amplitude peaks on the three main layer lines, 55, 37, and 27 A, were investigated. Where corresponding peaks on a particular layer line could be identified on either side of the meridian, the differences in their phases were always closer to 0 than to -r, suggesting a completely even-handed structure (see ref. 15) , at least at this resolution.
The choice between the two lattices depends largely on identifying the contributions to the 55 and 37-A layer lines. Although in a few examples, such as the bundle in Fig. 3 , meridional reflections are found at 55 and 37 A the major peaks on both layer lines are usually off-meridional, in positions which, for a 40-to 80-A diameter fiber, would be consistent with orders of n between 2 and 8. This would appear to favor the second lattice (Fig. 5 right) . However, in the case of the bundles, the intensity distribution on the layer lines must be affected by the way in which the fibers are packed together. Also, the distribution of matter within the fibers themselves is rather unusual; they appear to be rather more ribbon-like than F-actin, for example. Contrast with the negative stain therefore occurs over a relatively large range of radii, giving rise to a complex distribution of diffracted intensity on each layer line. So it is possible that an n = 0 contribution could give rise to an off-meridional peak. However Relationship to the Structure of Chromatin. It has been suggested in recent models of chromatin that the DNA is wrapped around a core of histones (1, 17, 18 ). In the model proposed by Kornberg (17) , the chromatin is organized in units of about 200 of each of H2A, H2B, H3, and H4. These units have been identified as 80-to 120-A diameter beads by electron microscopy (19) (20) (21) . Chromatin has also been observed in the electron microscope as 100-A and 300-A diameter fibers (22) (23) (24) (25) . The 100-A fibers, which probably consist of continuously associated beads, are characteristic of unsheared, Hl-depleted chromatin, in media containing very low concentrations of magnesium ions. The 300-A fibers, which are formed when histone HI and magnesium ions are present, appear to be supercoils (solenoids) of the 100-A fibers (25) .
The similarity between the layer line spacings found in the optical diffraction patterns of H4 fibers and the spacings found in x-ray diffraction patterns of chromatin (8) (9) (10) (11) (12) (13) raises the possibility that the structure of the assembled histone fibers is closely related to the substructure of chromatin, most probably to the continuous 100-A fibers. The fibers described here consist of H4 only, but similar fibers are formed by other single histones and by mixtures of histones either in pairs or all four together (2, 3) . Therefore, this pattern of linear aggregation seems to be a common property of histones (1) (2) (3) . It is likely that H2A, H2B, H3, and H4 are all homologous with respect to fiber formation, but that differences among them are necessary for other functions, for example, for differentiating the continuous 100-A fibers into bead-like nucleosomes, or for the formation of higher order structures such as the 300-A diameter solenoids described by Finch and Klug (25) . H3 and H4 polymerize most readily, so the fibers analyzed here may be analogous to a polymer of H3-H4 tetramers, forming the inner core of the 100-A chromatin fiber. Strands of H2A-H2B dimers could be incorporated in the grooves between the two H3MH4 strands, producing a four-stranded polymer. Alternatively, the core might simply consist of a two-strnded heteropolymer of all four histones. Winding DNA around either type of histone core would produce a fiber with a maximum diameter of 80-120 A.
Conclusion. Because of the difficulty in obtaining sufficiently well-ordered specimens, it is not yet possible to translate the results of the present analysis reliably into molecular arrangements. Nevertheless, the data do suggest that histonehistone interactions are a major factor in determining the structure of chromatin, and it is hoped that the structure of these FIG. 7. Enlargements from electron micrographs of individual H4 fibers, showing the two-stranded appearance. The number of subunits per strand between crossovers seems to be between 8 and 12 (obtained by dividing crossover distances by the average centerto-center distance of dots, as measured from electron micrographs on the Nikon microcomparator). (X250,000.) Biochemistry: Sperling and Arnos 3776 Biochemistry: Sperling and Amos histone fibers will provide a useful insight into such interactions, once the structure of chromatin itself is understood in more detail.
Note added in proof. The structure of crystals of nucleosome core particles, consisting of about 140 base pairs of DNA plus 8 histone molecules, has recently been studied by electron microscopy and x-ray diffraction (26) . Assuming the histone fibers studied here are structurally related to the nucleosome core particles, the first model (Fig.  6 a and b) , which divides readily into nominal 55-A-thick segments, is more consistent with the crystal data and therefore is more likely to be correct for the histone core of the nucleosome than the alternative shown in (Fig. 6 c and d 
